The Hippo signaling pathway is a major regulator of organ size. In the liver, Hippo pathway deregulation promotes hyperplasia and hepatocellular carcinoma primarily through hyperactivation of its downstream effector, YAP. The LATS2 tumor suppressor is a core member of the Hippo pathway. A screen for LATS2-interacting proteins in liverderived cells identified the transcription factor SREBP2, master regulator of cholesterol homeostasis. LATS2 downregulation caused SREBP activation and accumulation of excessive cholesterol. Likewise, mice harboring liverspecific Lats2 conditional knockout (Lats2-CKO) displayed constitutive SREBP activation and overexpressed SREBP target genes and developed spontaneous fatty liver disease. Interestingly, the impact of LATS2 depletion on SREBPmediated transcription was clearly distinct from that of YAP overexpression. When challenged with excess dietary cholesterol, Lats2-CKO mice manifested more severe liver damage than wild-type mice. Surprisingly, apoptosis, inflammation, and fibrosis were actually attenuated relative to wild-type mice, in association with impaired p53 activation. Subsequently, Lats2-CKO mice failed to recover effectively from cholesterol-induced damage upon return to a normal diet. Additionally, decreased LATS2 mRNA in association with increased SREBP target gene expression was observed in a subset of human nonalcoholic fatty liver disease cases. Together, these findings further highlight the tight links between tumor suppressors and metabolic homeostasis.
Cholesterol is an important component of membrane structure, steroid hormones, bile acids, and vitamin D. Cholesterol synthesis and utilization must be tightly controlled, since excessive accumulation and abnormal deposition of cholesterol predispose to multiple diseases (Ioannou et al. 2009 ). Regulation of cellular cholesterol and lipid levels is largely controlled by two transcription factors: SREBP1 and SREBP2. Whereas SREBP1 mainly regulates lipogenic processes by activating genes involved in fatty acid and triglyceride biosynthesis, SREBP2 mostly activates genes involved in cholesterol synthesis (Brown and Goldstein 1997) . As a metabolic signaling hub, SREBP activity must be intimately tuned and coordinated with other cellular pathways (Shao and Espenshade 2012) .
The Hippo pathway is a conserved signaling cascade whose core components are the tumor suppressor kinases MST1, MST2, LATS1, and LATS2 and the adaptor proteins SAV1, MOB1, and MOB2. Typically, the Hippo kinase cassette limits progenitor cell proliferation, cell survival, and tissue growth by phosphorylating and inactivating the transcriptional coactivators YAP and TAZ. LATS1/2 phosphorylated YAP/TAZ are sequestered in the cytoplasm and undergo proteasomal degradation, thereby extinguishing their transcriptional and biological effects (Moroishi et al. 2015) .
Deregulation of the Hippo pathway, particularly aberrant YAP hyperactivation, has been extensively implicated in liver physiology and pathology (Yimlamai et al. 2015) . However, as in other organs and cell types, hepatic LATS1/2-YAP cross-talk does not always conform to conventional linear Hippo signaling (Zhou et al. 2009; Lu et al. 2010) , and some Hippo-dependent functions in liver tumor suppression are YAP-independent (Benhamouche et al. 2010 ). This pertains also to LATS2, which has a spectrum of functions-including maintenance of genome stability, induction of apoptosis, cell cycle and tetraploidy checkpoint control, inhibition of cell migration, and regulation of stem cell differentiation-exerted at least in part through proteins other than YAP (Aylon et al. 2006 (Aylon et al. , 2009 (Aylon et al. , 2010 (Aylon et al. , 2014 Visser and Yang 2010; Li et al. 2013) .
We now describe a new YAP-independent role for LATS2 in regulating cholesterol homeostasis by restricting the activity of SREBPs, master regulators of cholesterol and lipid metabolism. Down-regulation of LATS2 in human liver-derived cells and liver-specific Lats2 conditional knockout (Lats2-CKO) in mice cause excessive cholesterol accumulation. Lats2-CKO mice spontaneously develop fatty liver disease and fail to recover effectively from liver damage caused by excess dietary cholesterol. Furthermore, reduced LATS2 expression correlates with increased SREBP activity in a subset of human nonalcoholic fatty liver disease (NAFLD) patients. Together, our findings reveal a new role of the LATS2 tumor suppressor as a gatekeeper of SREPB activity, whose deregulation perturbs cholesterol and lipid homeostasis and promotes fatty liver pathology.
Results

LATS2 inhibits SREBP via noncanonical Hippo signaling
To explore new functions of LATS2, we subjected extracts from human hepatocellular carcinoma HepG2 cells to a LATS2 "pull-down" proteomic analysis. Mass spectrometry (MS) identified many metabolism-related proteins as putative LATS2 interactors (Supplemental Table S1 ). These proteins significantly clustered into three metabolic processes: lipid, glucose, and arginine/proline metabolism (Supplemental Fig. S1 ). Notably, the strongest interaction was suggested to occur between LATS2 and SREBP2 (SREBF2), a transcription factor and master regulator of cholesterol homeostasis (Raghow et al. 2008) . Elevated SREBP2 expression is associated with human fatty liver disease (http://diseases.jensenlab.org) and is a driver of NAFLD (Horton et al. 1998) . To validate the interaction, we preformed coimmunoprecipitation (co-IP) of endogenous LATS2 and SREBP2 from HepG2 cells grown in either normal medium (NM) or sterol-depleted medium (SDM). In cells with adequate cholesterol levels, SREBP2 transcriptional activity is curtailed by sequestration of its precursor form in the ER (Sakai et al. 1996) . When cells become depleted of cholesterol, SREBP2 is transported from the ER to the Golgi apparatus, where it undergoes protease cleavage, thereby releasing the N terminus to the nucleus (Horton et al. 2002) . As expected, the active, cleaved nuclear form of SREBP2 (N-SREBP2) was more abundant in SDM (Fig. 1A, left panel) . Importantly, LATS2 coprecipitated specifically with SREBP2 (Fig. 1A , right panel), validating the pull-down result. This interaction was attenuated in SDM-grown cells, paralleling the decrease in precursor SREBP2 (P-SREBP2), suggesting that LATS2 may interact preferentially with the transcriptionally inactive cytoplasmic SREBP2 precursor. SREBP2-LATS2 binding did not require the LATS2 UBA motif (Supplemental Fig. S1B ), but deletion of either the middomain (Supplemental Fig. S1C, C+N) or the C-terminal plus N-terminal domain (dC+N) of LATS2 abolished SREBP2 binding (Supplemental Fig. S1B ), suggesting that proper folding of LATS2 may be required for binding. Sequence and functional similarity exists between SREBP1 and SREBP2 as well as between LATS1 and LATS2. However, LATS1 did not bind SREBP2 (Supplemental Fig.  S1B ). In contrast, although not recovered in our MS screen, endogenous P-SREBP1 also interacted with transfected LATS2 (Supplemental Fig. S1D ).
Consistent with the notion that LATS2 binds and retains P-SREBP in the cytoplasm, cell fractionation revealed that LATS2 down-regulation depleted cytoplasmic P-SREBP2 and triggered nuclear accumulation of N-SREBP2 (Fig. 1B) . Interestingly, dual knockdown of LATS1 and LATS2 was necessary to trigger nuclear YAP accumulation (Supplemental Fig. S1E ) but negated the effect of siLATS2 on SREPB2 (Fig. 1B) and SREBP1 (Supplemental Fig. S1E ), underscoring the divergent roles of LATS1 and LATS2 in regulating SREBP. LATS2 depletion correlated with intensified nuclear staining of endogenous SREBP2 (Fig. 1C) . Likewise, LATS2 overexpression compromised the SDM-induced nuclear accumulation of N-SREBP2 (Supplemental Fig. S1F ). Notably, modulation of LATS2 levels affected SREBP2 processing in SDM, NM, and cholesterol-supplemented medium (NM+acLDL) (Supplemental Fig. S2A ). To further investigate the effect of LATS2 on SREBP2 processing, HepG2 cells were transiently transfected with GFP-LATS2 followed by ImageStream analysis, which combines the statistical advantage of processing large numbers of cells together with single-cell fluorescent microscopy. We compared cells overexpressing GFP-LATS2 (GFP + ) or expressing only endogenous LATS2 (GFP − ) and determined the relative staining intensity of SREBP2 in relation to ER (PDI), Golgi (p115), and nuclear (DAPI) markers. Importantly, LATS2 overexpression significantly augmented the retention of SREBP2 in the ER and depleted it from the Golgi and nucleus (Fig. 1D) . Moreover, a significant portion of GFP-LATS2 overlapped with SREBP2 in the ER (Supplemental Fig. S2B ). Together, this strongly suggests that LATS2 binds and confines SREBP2 in the ER, preventing its processing and activation.
In agreement with LATS2-mediated restriction of SREBP2 activity, LATS2 depletion up-regulated SREBP2 target genes such as HMGCR and SQLE (Fig. 1E) . In contrast, while down-regulation of either LATS1 or LATS2 induced the YAP target gene ANKRD1 as expected, LATS1 knockdown did not reproduce the effects of LATS2 silencing on SREBP2 and SREBP1 target gene expression (Supplemental Fig. S2C ). Importantly, while simultaneous YAP knockdown (Supplemental Fig. S2D ) negated the stimulatory effect of LATS2 silencing on ANKRD1 expression, as expected of canonical YAP targets, it had no impact on the SREBP2 target genes (Fig.  1E) . Hence, the effect of LATS2 depletion on SREBP activity in HepG2 cells is distinct from canonical Hippo pathway-associated LATS1 and YAP functions.
N-SREBP2 accumulation and activation resulted in accrual of lipid droplets ( Fig. 1F; Supplemental Fig. S2E ), mimicking the effects of excess cholesterol (+acLDL) ( Fig. 1F; Supplemental Fig. S2F ) and consistent with earlier reports (Hua et al. 1993; Sakai et al. 1996) . Thus, LATS2 restricts the spontaneous activation and nuclear accumulation of SREBP under normal conditions, and its downregulation promotes illicit derepression of SREBP target genes, driving lipid overload.
Liver-specific deletion of LATS2 activates SREBP in vivo
To examine the in vivo effects of hepatic LATS2 depletion, we generated mice harboring liver-specific Lats2 deletion (Lats2-CKO) (Supplemental Fig. S3A ). Lats2-CKO mice were born at the expected Mendelian distribution and showed normal gross morphology as compared with age-matched littermates without the Cre transgene (referred to here as wild type) (data not shown).
Male littermate mice fed ad libitum with normal chow diet were monitored for 18 wk, starting at 8 wk after birth. Importantly, the ratio between N-SREBP1/2 and P-SREBP1/2 was markedly higher in Lats2-CKO compared with wild-type livers ( Fig. 2A; Supplemental Fig. S3B ). Thus, LATS2 restricts SREBP activation also in vivo. Concordantly, a subset of reported SREBP target genes (Horton et al. 2003 ) was up-regulated in Lats2-CKO livers (Fig. 2B) . To examine the global transcriptional effects of Lats2 deletion, total RNA from wild-type and Lats2-CKO livers was subjected to microarray analysis. Approximately 550 genes were differentially expressed between the two Extracts were immunoprecipitated (IP) with antibody against SREBP2 or a nonspecific antibody (NS; anti-HA) as a negative control and subjected to SDS-PAGE followed by Western blot analysis. (beads) Antibody-bound beads without extract; (WCL) 2.5% of whole-cell lysate. GAPDH was used as a loading control. Values below the blots were calculated by normalizing the SDM value to the corresponding NM sample. (B) Nuclear fractionation analysis of HepG2 cells grown and transfected with control (siControl), LATS2 siRNA oligos (siLATS2), or LATS1 plus LATS2 oligos (siLATS1/2). Nuclear and cytoplasmic fraction purity was validated with H2B and GAPDH antibodies, respectively. Fold N/P-SREBP2 was calculated by normalizing each sample to the siControl sample. ( genotypes (Supplemental Fig. S3C ). Gene ontology (GO) term analysis revealed enrichment for lipid and bile acid metabolism-related terms (corrected P-value < 0.05), implying that unrestrained SREBP activation in Lats2-CKO mice drives a transcriptional program favoring excessive hepatic cholesterol and lipid production and/or retention.
Although the liver is comprised predominantly of hepatocytes, other cell types conceivably might contribute to the above differential gene expression. We therefore isolated primary hepatocytes from wild-type and Lats2-CKO mice and subjected them to RNA analysis. Lats2-CKO hepatocytes were totally devoid of Lats2 expression (Supplemental Fig. S3D ), whereas Lats2-CKO whole-liver RNA retained close to 20% of wild-type Lats2 expression, presumably due to nonparenchymal cells. Reassuringly, the majority of SREBP targets were elevated in Lats2-CKO hepatocytes (Fig. 2C ), including Srebp2 itself, which is transactivated in a feed-forward mode (Ye and DeBoseBoyd 2011) .
Importantly, the net effect of liver-specific Lats2 deletion was accretion of free hepatic cholesterol ( Fig. 2D ) with no increase in serum cholesterol or triglycerides (Supplemental Fig. S3E ), reproducing the phenotype of Srebp2 transgenic mice (Horton et al. 1998 ).
Hepatic YAP overexpression (culled from array data of livers overexpressing a Yap transgene [tgYap]) (Yimlamai et al. 2014 ) strongly induces its target genes: Ankrd1, Birc5, Ctgf, and Cyr61 (Supplemental Fig. S3F ; Dupont et al. 2011) . Strikingly, although YAP overexpression is expected to mimic LATS inactivation, in that study, the vast majority of SREBP targets was actually down-regulated (Supplemental Fig. S3F ), almost diametrically opposed to the effect of Lats2-CKO. Moreover, not all YAP/TAZ targets were induced in Lats2-CKO livers; while Ankrd1 and Birc5 were up-regulated, Ctgf and Cyr61 were actually down-regulated (Fig. 2E) . Hence, hepatic deletion of Lats2 alone is insufficient to fully activate YAP, a notion supported by the similar YAP protein levels and phosphorylation status in wild-type and Lats2-CKO livers (Fig. 2F) . Thus, as in HepG2 cells, activation of SREBP by hepatic Lats2 deletion is distinct from canonical Hippo signaling.
Lats2-CKO mice accumulate hepatic fat and hepatocellular damage
Accumulation of hepatic cholesterol is a hallmark of fatty liver disease (Caballero et al. 2009; Van Rooyen et al. 2011) . Although Lats2-CKO mice displayed a less than significant increase in total body weight (Supplemental Fig. S4A ), they amassed more body fat (Fig. 3A) and relative liver weight (Fig. 3B ) than wild-type controls, suggesting accumulation of hepatic fat. Indeed, compared with wild-type livers, Lats2-CKO livers were enlarged and paler (Fig. 3C) , characteristic of fatty liver disease. Likewise, Lats2-CKO livers displayed significant microvesicular and macrovesicular steatosis (Fig. 3D , white and black arrows, respectively; Supplemental Fig. S4B , cf. columns i and ii), which correlated with larger and more abundant lipid droplets as detected by Oil-Red-O staining (Fig. 3D , middle panels; Supplemental Fig. S4C ). Furthermore, in agreement with the data in Figure 2D , free cholesterol visualized by filipin (F) staining was markedly increased in Lats2-CKO livers (Fig. 3D , bottom panels; Supplemental  Fig. S4D ). This was accompanied by increased serum levels of the liver enzymes alanine transaminase (ALT) and aspartate transaminase (AST) (Fig. 3E) , indicative of hepatocellular damage. Together, these observations support the notion that compromised LATS2 promotes the spontaneous emergence of a phenotype akin to human NAFLD.
Hepatic Lats2 deletion exacerbates liver damage upon dietary cholesterol overload
The spontaneous generation of fatty liver disease in Lats2-CKO mice led us to examine whether hepatic Lats2 deletion might sensitize mice to excessive dietary cholesterol. Wild-type and Lats2-CKO male mice were fed a high-cholesterol diet (HCD). After 9 wk on an HCD, Lats2-CKO livers were paler (Fig. 4A ) and relatively heavier (Fig. 4B ) than wild-type livers, suggesting higher fat content. Indeed, the livers of HCD-fed Lats2-CKO mice were burdened by almost twice the amount of free cholesterol compared with wild-type mice maintained in the same regimen (Fig. 4C) . In agreement, histological examination revealed more intense Oil-Red-O and filipin staining ( Fig.  4D; Supplemental Fig. S5A,B) . Moreover, HCD-fed Lats2-CKO mice displayed exacerbated hepatocyte damage, reflected by hepatocyte ballooning and nuclear pleomorphism (Fig. 4D , red and pink arrows; Supplemental  Fig. S4B , cf. columns iii and iv), features of severe liver disease (Lee et al. 1997) . Consistent with their augmented liver damage, HCD-fed Lats2-CKO mice had markedly elevated serum ALT, AST (Fig. 4E) , and bilirubin (Supplemental Fig. S5C ) and failed to gain weight properly (Supplemental Fig. S5D) .
Intriguingly, despite more hepatocellular damage, Lats2-CKO livers displayed significantly less inflammation than wild-type livers (Fig. 4D , blue arrow; Supplemental Fig. S4B ). Liver fibrosis, promoted by inflammation, is a critical wound healing response to liver injury (Lee et al. 2015) .
In line with the attenuated inflammatory response, Lats2-CKO livers had less fibrosis, as detected by Sirius Red staining (5.5% fibrotic area), compared with wildtype livers (10.7% fibrotic area) ( Fig. 4F; Supplemental  Fig. S5E ). This was unexpected, since inflammation and fibrosis are characteristically associated with advanced liver disease (Gouw et al. 2011) . Interestingly, Lats2-CKO livers contained increased senescent cells (β-gal) ( Fig. 4F ; Supplemental Fig. S5F ). Since hepatic senescent cells are cleared by innate immune cells (Krizhanovsky et al. 2008) , it is plausible that damaged cells may be retained in the Lats2-CKO livers instead of being removed by resident or infiltrating immunocytes. Thus, when challenged with excessive dietary cholesterol, Lats2-CKO livers exhibit an unusual constellation of amplified hepatocyte damage but reduced inflammation and fibrosis.
Lats2-CKO mice fail to mount a p53 response to excessive dietary cholesterol
Expression analyses of livers from wild-type and Lats2-CKO mice fed a normal diet (ND) or HCD for 9 wk identified a cluster of >400 genes differentially expressed in response to diet (Supplemental Fig. S6A ). As expected, gene set enrichment analysis (GSEA) indicated that genes preferentially expressed in an HCD correlated positively with obesity ( Supplemental Fig. S6B ). Interestingly, in keeping with the spontaneous fatty liver disease in Lats2-CKO mice, numerous genes in Lats2-CKO mice on an ND displayed expression patterns resembling wild-type mice fed an HCD (Supplemental Fig. S6A , red bars below the heat map); these "red" genes were enriched in xenobiotic processing and lipid metabolic processes (normalized P-value < 0.001), reinforcing the notion that these pathways are inherently regulated by LATS2 in the liver, and their deregulation may contribute to the pathology of LATS2-deficient livers. We also identified a cluster of ∼90 genes most differentially expressed between wild-type and Lats2-CKO livers under an HCD, which was enriched with terms associated with inflammation and apoptosis (Supplemental Fig.  S6C ). Consistent with the above GO terms and the histological differences ( Fig. 4D; Supplemental Fig. S4B ), MAC2 staining (visualizing liver-resident Kupffer cells) revealed quantitative and qualitative differences between the two genotypes under an HCD (Fig. 4G) . When activated during inflammation, Kupffer cells develop into multinucleated giant cells (Okamoto et al. 2003) . Notably, livers from Lats2-CKO mice fed an HCD displayed a significant reduction in activated macrophages compared with wild-type livers (Supplemental Fig. S6D ). Furthermore, in agreement with the differential expression of genes linked to apoptosis (Supplemental Fig. S6C ), TUNEL staining confirmed notable apoptosis in HCDfed wild-type livers, which was attenuated in Lats2-CKO livers ( Fig. 4G; Supplemental Fig. S6E ). Of relevance, both apoptosis and MAC-2 staining positively correlate with liver fibrosis (Okamoto et al. 2003; Guicciardi and Gores 2005) , which was reduced in Lats2-CKO mice (Fig. 4F) .
As expected, in the livers of mice fed an HCD, less P-SREBP2 was processed, thereby constraining transcriptionally active N-SREBP2 (Supplemental Fig. S7A ). In these conditions, unlike in an ND, the effect of Lats2 depletion on hepatic SREBP2 was attenuated (Supplemental Fig. S7A ). Accordingly, SREBP2 target genes were down-regulated in an HCD, albeit to a lesser degree in Lats2-CKO mice (Fig. 5A) . One of the genes highly regulated by both an HCD and LATS2 was Ldlr, encoding the low-density lipoprotein receptor responsible for cholesterol-rich LDL uptake (Horton et al. 1998 ) and conceivably contributing to the excessive hepatic cholesterol overload in Lats2-CKO mice.
Of note, genes differentially regulated in HCD-fed wild-type but not Lats2-CKO mice displayed significant overlap with p53-dependent genes (Fig. 5B) , suggesting that cholesterol overload activates p53 in a LATS2-dependent manner. Indeed, whereas wild-type mice induced canonical p53 target genes such as p21, Puma, and Noxa, Lats2-CKO mice maintained low expression of these genes irrespective of dietary cholesterol levels (Fig. 5C) . Indeed, an HCD induced p53 protein in wild-type but not Lats2-CKO livers (Fig. 5D ). This was reminiscent of our observation that NM+acLDL induced p53 in a LATS2-dependent manner (Supplemental Fig. S7B ). Hence, in addition to its ability to restrict cholesterol biosynthesis through inhibition of SREBP2, LATS2 is also Error bars indicate SE. (B) GSEA of the most differentially expressed (fold change >1.5; P-value < 0.05) genes between the livers of wild-type and Lats2-CKO mice fed an HCD, compared with a published p53 target gene data set (p53_DN.V1_DN) (Subramanian et al. 2005 ). (C ) Expression of p53 target genes in Lats2-CKO livers relative to wild-type livers under an ND. Values from qRT-PCR analysis of RNA from livers of three 17-wkold mice from each genotype, normalized to β-actin, are presented as log 2 of the Lats2-CKO/wild-type ratio. Error bars indicate SE. (C) Western blot analysis of liver lysates from three wild-type and three Lats2-CKO mice fed an ND or HCD. GAPDH was used as a loading control. necessary for optimal p53 activation by cholesterol overload. To further assess the impact of the LATS2-p53 axis on SREBP activity, we hyperactivated p53 with Nutlin (Vassilev et al. 2004) in HepG2 cells and monitored the effect of LATS2 depletion on SREBP2 processing. As seen (Supplemental Fig. S7C ), induction of p53 partially compensated for lack of LATS2, suggesting that LATS2 and p53 may cooperatively restrict SREBP2 activity. Thus, LATS2 is both a regulator and sensor of cholesterol levels, positioning it as a pivotal contributor to hepatic cholesterol homeostasis. Furthermore, the failure to activate p53 possibly explains the compromised ability of Lats2-CKO mice to mount apoptotic and inflammatory responses.
Together, the above observations suggest that, under severe cholesterol overload, hepatic LATS2 is engaged in a stress response pathway driving p53 activation, as occurs also upon mitotic dysfunction (Aylon et al. 2006) and oncogenic stress (Aylon et al. 2009 ). During severe cholesterol overload, compromised LATS2 activity may prevent malfunctioning hepatocytes from undergoing p53-induced apoptosis, resulting in reduced inflammation and fibrosis. However, the exacerbated cholesterol-induced liver damage in Lats2-CKO mice suggests that activation of the LATS2-p53 axis plays a protective role in this in vivo setting.
LATS2 facilitates recovery from cholesterol-induced liver damage
Livers characteristically possess a remarkable tissue repair capacity. To assess whether LATS2 deficiency affects recovery from liver damage inflicted by excess cholesterol, mice were fed an HCD for 18 wk and then returned to an ND for another 4 wk. Whereas this time frame was sufficient for wild-type livers to regain normal morphology (Fig. 6A) and weight (Fig. 6B) , Lats2-CKO livers remained markedly enlarged and were paler and mottled (Fig. 6A,B) . Likewise, in wild-type mice, ALT and AST serum levels returned to normal, and bilirubin remained low, whereas Lats2-CKO mice sustained persistent liver damage (Fig. 6C,D) . Indeed, while wild-type liver histology appeared almost completely normal by 4 wk after return to an ND, Lats2-CKO livers retained macrosteatosis, microsteatosis, pleomorphic nuclei, and ballooned hepatocytes ( Fig. 6E; Supplemental Fig. S4B , cf. columns v and vi). Moreover, Lats2-CKO exhibited a marked ductal reaction (Fig. 6E, yellow arrow; Supplemental Fig. S4B )-typically a liver progenitor cell response that occurs when hepatocytes are unable to proliferate (Fiel et al. 1997; Fausto and Campbell 2003; Wang et al. 2003) . Hence, LATS2 is instrumental for the recovery from cholesterol-induced liver damage.
Decreased LATS2 expression in human liver diseases
Our mouse in vivo and human cell culture data suggest that low LATS2 is associated with high SREBP2 expression and activity. We compiled a hepatic SREBP2 target gene signature from the data presented in Figure   2 , B and C, and Supplemental Fig. S3C (assembled in Supplemental Table S2 ) and used it to query a series of human liver samples (Ahrens et al. 2013; Lopez-Vicario et al. 2014; Moylan et al. 2014) . Importantly, in healthy livers, the SREBP2 signature was highly enriched in cases with low LATS2 expression compared with those with high Figure 6 . Lats2 facilitates recovery from cholesterol overload-induced liver damage. (A) Livers from wild-type (WT) and Lats2-CKO mice fed an HCD for 18 wk and then returned to an ND for 4 wk. (B) Liver weight, normalized to whole body weight, presented as percentage for wild-type and Lats2-CKO mice fed an HCD for 18 wk and either sacrificed immediately (0 wk) or allowed to recover for 4 wk on an ND. (C ) ALT and AST serum levels in mice treated as in A and allowed to recover on an ND for the indicated times. (D) Bilirubin (T-Bil) serum levels in mice treated as in A and allowed to recover on an ND for the indicated times. (E) H&E staining of livers of wild-type and Lats2-CKO mice after 18 wk on an HCD followed by 4 wk of recovery on an ND. Microsteatosis (white arrow), macrosteatosis (black arrow), ductal reaction (yellow arrow), pleomorphic nucleus (pink arrow), and ballooned hepatocyte (red arrow) are indicated.
LATS2 expression (Fig. 7A, left column) . Moreover, analysis of data from a recent study (Lopez-Vicario et al. 2014) revealed significantly lower LATS2 mRNA (Fig. 7B) and enrichment of the SREBP2 signature (Fig. 7A , middle column) in livers from patients with advanced fatty liver disease (nonalcoholic steatohepatitis [NASH] ), compared with healthy controls.
The HCD-induced fatty liver pathology of Lats2-CKO mice involved attenuated fibrosis (Fig. 4F) . In agreement, the transcriptome of a subgroup of human NASH patients presenting with severe fibrosis (Moylan et al. 2014 ) resembled the liver transcriptome of HCD-fed wild-type, but not Lats2-CKO, mice (Supplemental Fig. S8A ). Notably, in the same data set, the mild fibrosis subgroup displayed decreased LATS2 mRNA (Fig. 7C ) in conjunction with a significantly enriched SREBP signature relative to the severe fibrosis subgroup (Fig. 7A, right column) . Moreover, in a larger database of NASH patients (Ahrens et al. 2013) , when samples were binned by relative LATS2 expression (Supplemental Fig. S8B ), patients with low but not high LATS2 showed significant enrichment for the SREBP2 signature relative to healthy controls (Fig. 7D) . Of note, low LATS2 expression and enriched SREBP2 signature were not associated with a YAP target (Dupont et al. 2011 ) signature (Fig. 7D) , further indicating that, in human fatty liver disease, LATS2 down-regulation is not synonymous with YAP hyperactivation.
Altogether, these findings indicate that, in humans, as in mice, reduced hepatic LATS2 is associated with elevated SREBP activity in both physiological and pathological settings.
Discussion
Our study uncovers a novel link between LATS2 and cholesterol/lipid metabolism, mediated through an inhibitory interaction between LATS2 and SREBPs. It is presently unknown whether this interaction is direct or is mediated by additional proteins. Moreover, the exact molecular mechanism by which LATS2 enforces the retention of P-SREBP in the ER remains to be determined. However, regardless of the precise mechanism, our findings imply that, under normal conditions, LATS2 serves as a gatekeeper of SREBP activity to safeguard cholesterol and lipid homeostasis. Reduced hepatic LATS2 levels in both mice and humans give rise to cholesterol imbalance, paving the road to fatty liver disease and associated morbidities. Moreover, LATS2 is required for efficient recovery from liver damage inflicted by excess dietary cholesterol.
Hyperactivation of SREBP2 is sufficient to induce fatty liver (Horton et al. 1998) . Therefore, it is not surprising that SREBP activity is stringently modulated by multiple molecular pathways. Moreover, enhanced cholesterol synthesis plays a role in the progression and metastasis of several types of cancer (Swinnen et al. 2006) , placing control of cholesterol metabolism high on the agenda of tumor suppressors (Menendez and Lupu 2007) . Analogous to LATS2, AMPK also inhibits SREBP proteolytic processing, nuclear translocation, and transcriptional function . Likewise, p53 has been shown to repress transcription of SREBP and a subset of its targets (Yahagi et al. 2003) . In line with these molecular mechanisms, loss of p53 suffices to cause NAFLD in mice . Thus, LATS2 is a member of a tumor suppressor network that impinges on SREBP function to ensure cholesterol and lipid homeostasis.
Intriguingly, while Lats2-CKO mice challenged with excessive dietary cholesterol displayed evidence of Figure 7 . Reduced LATS2 levels and increased SREBP target gene expression in human liver and fatty liver disease. (A) Statistical significance of SREBP2 signature enrichment in different human liver data sets (from left to right: GSE48452, GSE37031, and GSE49541). In the left column, "low" and "high" relate to the 20% of healthy livers in data set GSE48452 with the lowest or highest LATS2 expression, respectively (lowest and highest quintile). Bar height represents −log 10 of the corrected false discovery rate (FDR). (B) LATS2 expression (log 2 ) in the livers of NASH patients and controls extracted from data set GSE37031, comprised of seven control and eight NAFLD samples. The whiskers denote the most extreme data points within interquartile range ×1.5. In each box plot, the top and bottom regions represent the second and third quartiles, respectively. (C ) LATS2 expression (log 2 ) in the livers of NAFLD patients with severe or mild fibrosis extracted from data set GSE49541. Severe fibrosis, n = 32; mild fibrosis, n = 40. Whisker and box plots are as in B. (D) Enrichment analysis of SREBP signature (summarized in Supplemental Table S2 ) and YAP signature (Dupont et al. 2011) in data set GSE48452. Control, n = 14; NAFLD, Lats2-high expression, n = 9; NAFLD, Lats2-low expression, n = 9. Bar height represents −log 10 of the FDR. ( * ) FDR < 0.25; ( * * * ) FDR < 0.05. exacerbated liver dysfunction, their livers actually had substantially less inflammation and fibrosis relative to wild-type counterparts. This goes against the dogma in which increased inflammation and fibrosis underpin aggravated liver disease. The crux may lie in the failure of excessive cholesterol to activate p53 in Lats2-CKO livers. p53 is important for the induction of hepatocyte apoptosis in response to various types of stress (Amaral et al. 2009; Charni et al. 2014 ). Indeed, a role for p53 in induction of apoptosis and fibrosis in mice fed an HCD has already been reported earlier (Kodama et al. 2011) ; notably, in that context, p53 was shown to function via up-regulation of CTGF, a gene normally positively regulated by YAP but down-regulated in our Lats2-CKO mice, in agreement with the conjecture that an HCD recruits LATS2 to the p53 pathway rather than to YAP regulation. Conceivably, hepatic p53-mediated apoptosis might serve to dispose of damaged cells (with active help from resident and recruited inflammatory cells) to accommodate regenerative proliferation. Likewise, although unresolved excessive fibrosis is a major driver of liver disease, a transient fibrotic response, if properly contained, may actually facilitate wound healing and recovery from tissue damage (Albanis and Friedman 2001) . Accordingly, our findings suggest that the LATS2-p53 response to acute hepatic cholesterol overload may actually have an organ-protective rather than organ-destructive role, helping to maintain homeostasis in the face of metabolic challenge. We propose that the ability to switch from gatekeeper of SREBP in nonstressed conditions to mediator of p53 activation in response to severe stress optimally positions LATS2 to contribute to liver homeostasis under both conditions.
It was recently reported that YAP oncogenic activity in breast cancer cells is positively regulated by the SREBP/ mevalonate pathway (Sorrentino et al. 2014; Wang et al. 2014) , placing YAP downstream from SREBP, independently of LATS1/2 activity. Hence, individual components of the Hippo pathway engage in an intimate cross-talk with key regulators of cellular and organismal metabolic homeostasis without necessarily involving the entire canonical Hippo pathway.
Last, healthy human livers with intrinsically lower LATS2 mRNA levels tend to display a constitutively augmented SREBP signature (Fig. 7A) . Analogous to our Lats2-CKO mice, it is tempting to propose that interindividual differences in hepatic LATS2 expression or activity (due to genetic variation and/or epigenetic events such as partial hypermethylation of the LATS2 gene promoter) (Takahashi et al. 2005 ) may confer on some individuals an increased propensity to develop fatty liver disease even when exercising normal dietary practices. In addition, our data raise the intriguing possibility that diminished LATS2 expression and augmented SREBP activity might define a distinct subgroup of human fatty liver disease patients with a different disease course whose livers may possess compromised recovery capability despite reduced fibrosis and inflammation. Future studies should assess the validity of these interesting prospects.
Materials and methods
Cell culture
For cholesterol depletion experiments, HepG2 cells were grown for at least two passages in SDM before transfection, lysis, or fixation.
Animals
All mouse experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Weizmann Institute (application no: 08190114-2). Numbers of mice in each experimental group are illustrated in Supplemental Table S4 . All measurements were performed on all mice in each group unless otherwise noted.
Immunohistochemistry
Following fixation, samples were stained with H&E (Sigma, HHS332 and HT110332), PAS (Sigma, P7875 and 3952016), and Sirius Red (Sigma, 365548) staining. Slides were imaged using a Nikon eclipse Ti-E microscope, a Nikon digital sight DS-U3 camera, and a Nikon intensilight C-HGFI illuminator for florescence.
Statistics
All value points of all line and bar graphs are mean ± SEM unless noted otherwise. The significance of all averages presented in the bar or line graphs was tested with ANOVA. P-values are denoted as follows: P < 0.05 ( * ), P < 0.01 ( * * ), P < 0.005 ( * * * ), and not significant (NS).
Additional experimental procedures are presented in the Supplemental Material.
